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Abstract
Polyelectrolyte hydrogels are viscoelastic electroactive polymers which respond to external physical or chemical stimuli
by a reversible volume phase transition. Novel fabrication methods allow the creation of hydrogel layer composites in
which each layer shows a different sensitivity (e.g. to a different stimulus). This offers new opportunities, for example, in
the design of new microsensors, microactuators and microfluidic devices as well as for high-selective membranes and
target-specific drug delivery systems. Since only few research groups numerically investigated the transport mechanisms
in hydrogel layer composites, a gap remains to describe the movement and transient distribution of ions inside the layer
system.
In this article, the multifield formulation is adopted to describe the transient distribution of ions in salt-sensitive
hydrogel layer composites on the basis of a numerical simulation. For this, the Nernst-Planck and the Poisson equation
are solved using one-dimensional finite elements for both anionic-anionic and anionic-cationic gel layer composites under
chemical stimulation. Between adjacent gels, an additional interlayer is introduced to account for the physical and chemi-
cal bonding region between the gels. Adaptive mesh refinement provides a good resolution close to the interface
between the adjacent gel layers. The obtained results are used to predict the osmotic pressure inside the gels and the
dependent swelling of the gel layer composite. The excellent agreement of the obtained results with the Donnan equili-
brium demonstrates the high potential of the method applied to predict the behavior of hydrogel layer composites.
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Introduction
The International Union of Pure and Applied
Chemistry (IUPAC) defines a gel as a nonfluid, colloi-
dal or polymer network which is filled with a liquid
(Slomkowski et al., 2011). Typically, gels exhibit a
small yield stress. They may contain:
 a covalent polymer network;
 a polymer network formed through the physical
aggregation of polymer chains (caused by hydro-
gen bonds, crystallization, helix formation, com-
plexation, etc.);
 a polymer network formed through glassy junc-
tion points, for example, a polymer network
based on block copolymers;
 lamellar structures including mesophases, for
example, soap gels, phospholipids, and clays;
 particulate disordered structures, for example, a
flocculent precipitate.
Hydrogels with a colloidal network component,
which swell in water can be referred to as aquagels.
Gels comprising a polymeric network component are
called polymeric hydrogels. If a polymeric hydrogel
contains a considerable portion of ionizable groups, it
is called a polyelectrolyte gel.
The present article focuses on the chemo-electrical
behavior of polyelectrolyte gel layer composites. In the
following, polyelectrolyte gels will be referred to as
hydrogels.
For a hydrogel G to have sensing or swelling capabil-
ities, it has to be immersed in an ionic solution bath S,
Institut fu¨r Festko¨rpermechanik, Technische Universita¨t Dresden,
Germany
Corresponding author:
Thomas Wallmersperger, Institut fu¨r Festko¨rpermechanik, Technische
Universita¨t Dresden, 01062 Dresden, Germany.
Email: thomas.wallmersperger@tu-dresden.de
containing mobile anions and cations, see Figure 1. A
hydrogel G can be regarded as a hydrophobic polymer
backbone with ionic, and therefore hydrophilic, func-
tional groups. The ions in the solution bath are able to
move freely through the hydrogel due to diffusion,
migration and convection processes. The ionic func-
tional groups of the polymer backbone are treated as
fixed ions, since they can only move in connection to
the polymer network.
Hydrogels have gained a lot of attention due to their
ability to swell in response to physical, chemical or bio-
chemical stimuli (Jeong and Gutowaka, 2002; Osada
and Gong, 1998; Qiu and Park, 2001; Wu et al., 2004).
Recent advances in nanotechnology led to an
increased interest in hydrogel thin films. They can be
manufactured with different techniques, for example,
by crosslinking copolymerization (adding multifunc-
tional comonomers), crosslinking (co)polymers with
reactive groups and crosslinking with high-energy irra-
diation (Tokarev and Minko, 2009). Physically cross-
linked films were prepared by polyelectrolyte
complexation (e.g. layer-by-layer assembly) (Hiller and
Rubner, 2003; Kharlampieva et al., 2005) and block-
copolymer self-assembly (Nyka¨nen et al., 2007). For
the crosslinking copolymerization, solvent-based free-
radical polymerization is often adopted (Harmon et al.,
2002), where the monomers, a crosslinking agent and a
free-radical initiator are spin coated or polymerized
between two planar surfaces. The crosslinking via reac-
tive groups is usually started by activation of reactive
groups by thermal heating or radiation exposure
(Kuckling et al., 2002; Richter et al., 2004; Tokarev
and Minko, 2009). High-energy irradiation is a cross-
linking agent free technique, where an electron beam,
gamma-ray or UV-radiation is utilized to randomly
open up chemical bonds and let the generated radicals
recombine to form new bonds (Tokarev and Minko,
2009).
For some applications, hydrogels that exhibit a swel-
ling behavior in response to more than one stimulus
are needed. Hydrogels or systems composed of differ-
ent hydrogels, which respond to two or multiple stimuli
are referred to as bi- or multi-sensitive hydrogels,
respectively.
A possible way to fabricate bisensitive hydrogel layer
composites is to stack and fuse a number of hydrogel
thin layers. For this, Fulghum et al. (2008) synthesized
a composite hydrogel layer with a pH-sensitive and a
temperature-sensitive layer by combining layer-by-layer
and surface-initiated polymerization techniques. They
used the weak polyelectrolytes poly(allylamine hydro-
chloride) (PAH) and poly(acrylic acid) (PAA) to create
the pH-sensitive layer, capable of surface-initiated poly-
merization. On top of this layer, n-isopropylacrylamide
was polymerized to form thermo-responsive poly(n-iso-
propylacrylamide) (PNIPAAm) brushes. Jaber and
Schlenoff (2005) were able to demonstrate thermally
reversible ion transport modulation by forming ther-
mally responsive polyelectrolyte multilayers from
charged PNIPAAm copolymers. With this approach, a
layer-by-layer sequential assembly from ionically modi-
fied PNIPAAm copolymers was realized. Further
works on the construction of multi-responsive hydrogel
layers were published (Nolan et al., 2004; Serpe et al.,
2005).
The layer composite design offers the possibility to
create superior drug carriers for medical treatment or
for novel high-selective membranes. In order to fulfill
the high requirements of the membrane industry and
the medical sector, a profound knowledge of the hydro-
gel material behavior is necessary. The osmotic pres-
sure and the resulting swelling of the hydrogel directly
depend on the ion concentrations in the gel and the sur-
rounding solution. Therefore it is of great interest to
investigate the coupled chemo-electrical behavior of the
hydrogel system.
Hydrogel layer systems are highly interesting for
possible applications, but their behavior remains chal-
lenging to describe. Since only few research groups (Lu
et al., 1998, 2000; Lucantonio et al., 2014; Sohier et al.,
2006) modeled the behavior of hydrogel layer systems,
a gap in understanding the coupled phenomena occur-
ring within the gel networks remains. The present arti-
cle contributes to fill this gap by modeling the electro-
chemical behavior of two chemically different hydrogel
layer composites. First, a chemically stimulated
anionic-anionic hydrogel layer composite will be inves-
tigated and the obtained results for the ion distribution,
the electric potential and the volume charge density will
be discussed. Then an anionic-cationic gel layer compo-
site is modeled to compare the results with the first test
case. In both hydrogel layer systems, an additional gel
layer that is responsible for mechanical stability is con-
sidered. The investigated system is depicted schemati-
cally in Figure 2. The chemo-electrical multifield theory
Figure 1. Schematic representation of a hydrogel structure G,
immersed in an ionic solution bath S. The polymer chains can
be regarded as neutral polymer backbone with bound (fixed)
ionic groups. Within the gel and the solution, water and mobile
ions are present.
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is adopted and applied on the different hydrogel layer
composites. By this approach, the diffusion, migration
and convection of particles through the gel system can
be investigated. Since hydrogel layer systems comprise
more than one gel domain, the interface and the occur-
ring transport phenomena between neighboring
domains are of particular interest.
Modeling approaches in the literature
As early as in the 1940s, Flory and Rehner (1943a,b)
were the first to describe the equilibrium swelling of a
polymer network (rubber) by formulating a macro-
scopic theory. One of the first groups to describe transi-
ent phenomena by coupling effects in hydrogels were
Grimshaw et al. (1990), Shiga and Kurauchi (1990),
Doi et al. (1992), and Shahinpoor (1995). At about the
same time Brock et al. (1994) described the design and
analysis of a series of linear actuators based on hydro-
gels using a dynamic model. Huyghe and Janssen
(1997) and Lai et al. (1991) were some of the first to
describe the quasi-static finite deformation due to the
swelling of a hydrogel using the theory of porous media
(Bowen, 1980).
A finite element model describing the behavior of
soft tissue constituents (charged solid, fluid, two mobile
charged species) was given by Sun et al. (1999) and van
Loon et al. (2003). In the work of de Gennes et al.
(2000), mechano-electrical effects ((i) mechanical defor-
mation due to an applied voltage, (ii) electric current
due to mechanical deformation) in hydrogels were mod-
eled. To investigate the effects of an electrical or chemi-
cal stimulation on a hydrogel, Wallmersperger et al.
(2001, 2004) used an electro-chemical and electro-
chemo-mechanical formulation. A further multiphysical
approach for the simulation on pH-sensitive hydrogels
was pursued by De et al. (2002) to describe its chemo-
electro-mechanical behavior. Based on the theory of
porous media, Ehlers et al. (2003a,b) and Acartu¨rk et
al. (2003) described the swelling of pH-sensitive hydro-
gels. Li et al. (2007) solved a chemo-electro-mechanical
field problem describing the hydrogel behavior using a
hermite meshless discretization method (Li et al., 2003).
Employing molecular dynamics simulations of a
coarse-grained model, Mann et al. (2005, 2006) investi-
gated the equilibrium swelling of a bead-spring defect-
free polymer network. A characterization of hydrogel
based sensor devices was done by Gerlach et al. (2005),
Richter et al. (2004) and Guenther et al. (2009).
Orlov et al. (2006, 2007), Ermatchkov et al. (2010),
Prudnikova and Utz (2012) and Arndt and Sadowski
(2013) performed equilibrium swelling experiments
with hydrogels and compared the results with thermo-
dynamic based models. The temperature dependence of
swelling of PNIPAAm hydrogels in pure water was
studied both experimentally and by molecular simula-
tion by Walter et al. (2010). Keller et al. (2011)
described the swelling behavior of temperature-sensitive
hydrogels for gels with decreasing and increasing swel-
ling ratio with rising temperatures using an additional
temperature-dependent osmotic pressure term.
A numerical investigation of hydrogel layer systems
was conducted by Lu et al. (1998, 2000) and Sohier et
al. (2006), describing the drug release profiles using a
model based on Fick’s law. Recently, Lucantonio et al.
(2014) modeled the chemo-electro-mechanical behavior
of hydrogel bars under the assumption that the occur-
ring large bending deformation can be multiplicatively
split into the uniform free-swelling stretch and a further
elastic contribution.
A specific investigation on the ion distribution and
the occurring electric field within hydrogel layer com-
posites is necessary, but has not been conducted yet.
Chemo-electrical field formulation
In the following, the coupled chemo-electrical field
problem for the investigation of hydrogel layer systems
is reviewed. In this model, the hydrogel and the sur-
rounding solution are treated as a triphasic continuum
including a solid polymer backbone with bound ionic
groups and two mobile ion species (e.g. Cl2 and Na+ ).
The chemo-electrical field formulation is given in the
tradition of other research groups (Ballhause and
Wallmersperger, 2008; De et al., 2002; Doi et al., 1992;
Johnson and Amirouche, 2008; Lucantonio et al., 2014;
Shahinpoor, 1995; Wallmersperger et al., 2001, 2004)
who work in this field. In the following, a coupled
chemo-electrical field formulation for a composite
hydrogel layer system is given. For further insight into
the derivation of the applied equations, the reader is
referred to Attaran et al. (2015).
Chemical field formulation
The chemical field describing the temporal and spatial
distribution of mobile charged species in a domain can
be evaluated by solving the diffusion-migration-
convection partial differential equation
Figure 2. Schematic representation of the investigated
hydrogel layer system. It is composed of two hydrogels G1 and
G2 with a connecting interlayer I. The composite is immersed in
a solution bath S, delimited at the boundaries xB1 and xB2 in 1D.
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_ca= ½Daca, i|ﬄﬄ{zﬄﬄ}
diffusion
+ Da
F
RT
zacaC, i|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
migration
, i(cavi), i|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
convection
+ ra|{z}
source term
ð1Þ
Here, the temporal change of the chemical concen-
tration ca of the species a is calculated from the sum of
a diffusive, a migrative and a convective term as well as
a contribution by sources and sinks due to chemical
conversion. The variable Da denotes the diffusion con-
stant of the species a, za its valence (charge number), F
the Faraday constant, R the universal gas constant, T
the absolute temperature in Kelvin, C the electric
potential, v the velocity of the fluid and ra a source
term resulting from chemical reactions involving the
species a. The index i 2 [1, 2, 3] describes the spatial
direction xi. The operators ()
:
and (),i denote the time
derivative ∂
∂t
and the spatial derivative ∂
∂xi
, respectively.
Equation (1) is obtained from the conservation of
mass
_ca=  J
a
i, i+ ra ð2Þ
The flux Jai of the species a into and out of a refer-
ence volume can be expressed as the sum of a diffusive
flux, resulting from concentration differences, a migra-
tive flux, stemming from a gradient of the electric
potential and a convective flux due to the velocity of
the solvent
Jai =  Daca, i  Da
F
RT
zacaC, i+ cavi ð3Þ
Here, the dissociation reaction of water is neglected,
since the concentration of hydronium and hydroxide
ions is assumed to be small compared to ca.
Electrical field formulation
The electrical field formulation can be obtained by
using Gauss’ law
~Di, i= rel ð4Þ
where ~D and rel are the electric displacement and the
volume charge density, respectively. The volume charge
density describes the charges Q per Volume V and can
be expressed by
rel =
Q
V
=F
XNf +Nb
a= 1
zaca ð5Þ
where Nf and Nb are the number of freely movable and
bound charged species, respectively. The propagation
speed of the electric field is much higher than the velo-
city of electrically charged species. Therefore the quasi-
static form of the Maxwell-Faraday equation can be
adopted. It yields
~eijkEk, j= 
∂Bi
∂t
= 0 ð6Þ
Here, ~eijk denotes the permutation tensor, Ei the elec-
tric field and Bi the magnetic field. Equation (6) shows
that the rotation of the electric field equals zero. In this
case, it is curl free and can be expressed as the gradient
of the electric potential C, if the domain is simply
connected
C, i=  Ei ð7Þ
For a linear, homogeneous and isotropic dielectric
material the constitutive equation linking the electric
displacement ~Di and the electric field Ei reads
~Di= e0erEi ð8Þ
Here, er and e0 are the relative and the vacuum per-
mittivity, respectively. With the given equations, the
electrical field formulation can be written as
C, ii= 
F
ere0
XNf +Nb
a= 1
zaca ð9Þ
Coupling of the chemical and electrical field
Equations (1) and (9) are coupled by the ion concentra-
tions ca and the electric potential C. To solve the fully
coupled nonlinear field problem, suitable boundary
conditions have to be prescribed. These can be the elec-
tric potential C or its associated flux, the electric dis-
placement ~Di. Additionally, boundary conditions for
either the ion concentrations ca or the ion flux J
a
i have
to be prescribed at the boundaries.
Since equation (1) represents an initial boundary
value problem, adequate initial conditions for the
coupled field problem are required in ca and C.
Between neighboring domains transition conditions
have to be formulated. Here, continuity of the primary
variables (electric potential and the ion concentrations)
and the fluxes (electric displacement and ion flux) is
prescribed, which is naturally fulfilled by the applied
finite element formulation. The different domains are
distinguished by using different material parameters.
Discretization
To solve the described chemo-electrical field problem
an analytical approach is feasible, as shown by
Farinholt and Leo (2004) for the modeling of ionic
polymer-metal composites. In order to gain more flexi-
bility with respect to the prescribed initial and bound-
ary conditions as well as for the possibility to extend
the model to a 2D or 3D domain, the set of partial dif-
ferential equations is solved by using the finite element
method. As a first step, the modeling is conducted and
realized one-dimensionally.
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The equations (1) and (9) are discretized in time
using the implicit Euler method. The coupled nonlinear
system of equations is discretized using linear shape
functions for both, the weighting and the ansatz func-
tions and linearized using the Newton method.
The domains, comprising the gel layers and a sur-
rounding solution bath are spatially discretized using
two noded linear elements. The coupling of the chemi-
cal and the electrical field can be given by the element
matrices
Dcc 0
0 0
 
|ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
D
D _c
D _C
 
|ﬄﬄﬄ{zﬄﬄﬄ}
D _u
+
Kcc KcC
KCc KCC
 
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
K
Dc
DC
 
|ﬄﬄﬄ{zﬄﬄﬄ}
Du
=
Rc
RC
 
|ﬄﬄ{zﬄﬄ}
Ru
ð10Þ
Here, D, K, and Ru are the damping matrix, the stiff-
ness matrix and the residual vector, respectively. The
submatrices KCc and KcC are responsible for the cou-
pling between the electrical and the chemical field. The
vector of the increments of the nodal unknowns is
defined as DuT= ½DcA,Dc

B ,Dc
+
A ,Dc
+
B ,DCA,DCB,
where the indices A and B refer to the respective node.
The developed 1D finite element is displayed in
Figure 3.
A mesh refinement at the interfaces between neigh-
boring domains is accomplished via an adaptive mesh,
as depicted in Figure 4. For this, each domain is discre-
tized symmetrically, see Figure 5. The length of each
element in the first half of a domain (S,G1,I , or G2) can
be described by
lj= l1  g
j ð11Þ
where lj and l1 denote the length of element number j in
the domain and the length of the first element in the
domain, respectively. The constant g describes the ratio
of an element length to its predecessor
g=
lj
lj1
ð12Þ
Since each domain is discretized symmetrically, the
length of each element in the second half of a domain
can be given by
lNj+ 1= lj ð13Þ
where N is the number of elements in the domain.
Realization of an interlayer between
neighboring gel domains
It is assumed, that the hydrogels in the gel layer compo-
site are synthesized from monomer solutions containing
a crosslinker by adding an initiator to the monomer
solutions. To yield a mechanically stable layer compo-
site, the gels are successively synthesized on top of each
other, see Figure 6. The fabrication steps are;
1. Monomer solution M1 containing the crosslin-
ker is filled into a containment. The polymeriza-
tion is started by addition of an initiator.
2. After gel G1 is formed from monomer solution
M1, monomer solution M2 is added on top of
the gel G1.
Figure 3. Two-noded element with its nodal unknowns and its
element length lj.
Figure 6. Fabrication steps to combine two different polymer
networks. The hydrogels are synthesized from monomer
solutions containing a crosslinking agent by adding an initiator.
Figure 5. Mesh refinement within one domain. The element
length decreases exponentially from the center towards the
boundaries of the domain, yielding a high resolution at the
boundary regions.
Figure 4. Adaptive mesh refinement with a high resolution at
the boundaries between neighboring domains (S,G1,I ,G2,S).
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3. The monomer solution is allowed to diffuse into
the polymer network of gel G1 for some time Dt.
4. The region I describes the region where parti-
cles of the monomer solution and the polymer
chains of gel G1 coexist. The polymerization of
monomer solution M2 is started by addition of
an initiator.
5. Gel G2 has been formed from monomer solution
M2. Within the interlayer region I the adjacent
gels are physically connected.
The region in which polymer chains of the different
polymer networks coexist should exhibit different
material parameters than each of the gels by them-
selves, since it contains volume fractions of both gels.
In this article this interlayer region is accounted for by
modeling an additional gel layer with distinct material
parameters.
Recently the described fabrication method was suc-
cessfully applied to synthesize a composite of a poly-
electrolyte and a non-polyelectrolyte gel, see Figure 7.
It should also be applicable to synthesize a composite
containing two polyelectrolyte gels, as modeled in the
present work.
Numerical results
Within a gel layer composite consisting of different
materials, the occurring transport phenomena depend
on the combination of the layer materials. The global
material behavior can thus be altered by manipulating
the properties of the individual layers. Since anionic
and cationic gels show a qualitatively different trans-
port behavior, the combination of both is of special
interest, for example, for the development of target-
sensitive drug carriers.
The modeling of the gel layer system is therefore
conducted for two different test cases, (i) an anionic-
anionic and (ii) an anionic-cationic hydrogel layer
composite, each immersed in an ionic solution bath.
A connecting interlayer between the gels is assumed
and modeled as an additional thin interlayer, as dis-
cussed in the previous section. In the following, the
material parameters of the interlayer I are treated as
constant in the whole region, determined by the mean
values of the respective material parameters of the
neighboring gels.
Anionic-anionic gel layer system
In this section, a gel layer composed of two anionic gels
G1 and G2 immersed in a solution bath S is investigated.
The gel layer composite is chemically stimulated by a
change of the ion concentration in the solution bath. In
this investigation, no external electric field is imposed.
The concentration of fixed anionic groups is
cA2 = 0.1 mol/m3, 0.075 mol/m3 and 0.05 mol/m3 for
G1, I and G2, respectively, see Figure 9a. Fixed cationic
groups are not considered in the anionic gels. The diffu-
sion constant for the mobile ions and the relative per-
mittivity are set to D+/2 = 4.9 3 10210 m2/s and
er = 78 for all domains, respectively. The investigations
are conducted at a constant temperature T = 300 K.
The velocity of the fluid is assumed to be negligible,
that is, v = 0. Also, chemical reactions are not part of
this investigation, thus the source terms are set to
ra = 0.
To represent the aforementioned environmental con-
ditions, boundary conditions are prescribed for the
electric potential and for the mobile anion and cation
concentration in the solution, at xB1 = 0 and at
xB2 = 1 mm, see Figure 4. The chemical stimulus
(change of the solution bath) is realized by a change of
the prescribed ion concentration in the solution at xB1
and xB2. It is increased from c
+ =
0
= 0:1 mol/m3 at
t = 0 to c+/2 = 0.15 mol/m3 for t . 0. For the elec-
tric potential C = 0 at xB1 and at xB2 is prescribed for
t  0.
As initial conditions for the chemical field, concen-
trations of mobile anions and cations are prescribed,
which are in excellent agreement with the Donnan
equilibrium and the prescribed boundary conditions.
The initial ion concentration for the mobile anions and
cations is depicted in Figures 9c and 9d using dashed
lines. The used simulation parameters are listed in
Table 1.
The time integration is carried out for 0  t 
tend = 6000 s with a time increment tincr = 30 s. At
t = tend the equilibrium state is defined, since the fur-
ther evolution of the primary variables c+/2 and C is
negligible.
Figure 7. Hydrogel composite synthesized by combining
PNIPAAm and net-poly(acrylamide-co-acrylic acid) P(AA-co-AM).
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The spatial discretization is carried out using an
adaptive mesh with an element length ratio g = 1.2
and with a total number of elements nges = 1050. The
number of elements in each domain are N = 200, 250,
150, 250 and 200 for S, G1, I , G2 and S, respectively.
The obtained results of the numerical simulation
show that the ion concentration in the solution
increases by Dc+/2 = 0.05 mol/m3 from t = 0 to t =
tend due to the change of the prescribed boundary con-
ditions. In the gel G1, the interlayer I and the gel G2, an
increase of the mobile anion and cation concentration
of 0.0463 mol/m3, 0.0478 mol/m3 and 0.0490 mol/m3 is
obtained, respectively. The calculated mobile anion and
cation concentrations within the different domains are
depicted in Figure 9c and 9d, respectively. In both fig-
ures, the concentrations are depicted for the times
t = [0, 60, 120, 300, 6000] s, where the arrows indicate
the development in time. In Figures 8a and 8b the
anion and cation concentrations at the interface
between the solution S and gel G1 at steady state are
shown in detail. The obtained steady state results of the
numerical simulation are listed in Table 2.
Within the gel domains, the electric potential
increases with progressing time, whereas it remains
almost constant within the solution domains as
depicted in Figure 9b.
In close proximity to the domain interfaces a volume
charge density rel unequal to zero is found, see
Figure 8c. Outside of the boundary regions electroneu-
trality is obtained during the whole simulation time.
The volume charge density shows a ‘‘jump’’ rdiff at the
interface between neighboring domains. This jump
results from the difference of fixed charges in these
domains. The obtained nonzero volume charge density
at the domain interfaces yields a change in the electric
potential, see Figure 9b. The resulting steady state elec-
tric potential is in excellent agreement with the analyti-
cal Donnan potential
DC=C(s) C(g)= 
1
za
RT
F
ln
c(s)
a
c
(g)
a
 
ð14Þ
Here the indices (s) and (g) denote two different
domains (e.g. solvent and gel).
Anionic-cationic gel layer system
In this second test case, a gel layer system composed of
an anionic and a cationic gel immersed in an ionic solu-
tion bath is studied. The concentration of bound anio-
nic groups in the anionic gel G1 is set to
cA2 = 0.09 mol/m3. The cationic gel G2 contains a
concentration of bound cations cC+ = 0.11 mol/m3.
In analogy to the previous section, an interlayer I
between the gels G1 and G2 is modeled. It is assumed
that the interlayer contains both fixed anions and fixed
cations since volume fractions of both polymer net-
works are present. Here, a concentration of fixed
anions cA2 = 0.045 mol/m3 and fixed cations
cC+ = 0.055 mol/m3 is used, see Figure 10a. The time
discretization and the spatial discretization are carried
out in the same manner as explained in the previous
section. The parameters for the numerical simulation
are listed in Table 3.
Table 1. Parameters and initial ion concentrations for the simulation of the anionic-anionic gel layer composite.
S G1 I G2
Simulation parameters l (mm) 0.250 0.225 0.050 0.225
N (-) 200 250 150 250
cA2 (mol/m3) 0 0.1000 0.0750 0.0500
cC+ (mol/m3) 0 0 0 0
D+/2 (m2 /s) 4.9 3 10210
er (-) 78
T(K) 300
Initial conditions c+ (mol/m3) 0.1000 0.1618 0.1443 0.1281
C2 (mol/m3) 0.1000 0.0618 0.0693 0.0781
C (mV) 0 212.440 29.480 26.397
Table 2. Steady state solution for the simulation of the anionic-anionic gel layer composite. The steady state is defined at
t = 6000 s.
S G1 I G2
Steady state c+ (mol/m3) 0.1500 0.2081 0.1921 0.1771
c2 (mol/m3) 0.1500 0.1081 0.1171 0.1271
C (mV) 0 28.4649 26.3972 24.2888
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Figure 9. Results of the numerical study on the anionic-anionic gel layer composite. (a) Concentration of fixed anions, (b) electric
potential, (c) concentration of mobile anions and (d) concentration of mobile cations in the layer system at t = [0, 60, 120, 300,
6000] s, where the arrows indicate the progress in time.
Figure 8. Steady state (a) mobile anion concentration c2, (b) mobile cation concentration c+ and (c) volume charge density rel in
close proximity to the interface between solution S and gel G1. Due to the change of the concentration of fixed anions between the
solution and the gel layer, a jump rdiff in the value of the volume charge density is computed.
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With the given gel parameters, the numerical simula-
tion is conducted in analogy to the previous section.
The obtained mobile anionic and cationic concentra-
tions are shown in Figures 10c and 10d for the times
t = [0, 60, 120, 300, 6000] s, where the arrows indicate
the progress in time. The concentration at initial state
is depicted as a dashed line.
With progressing time, the absolute value of the elec-
tric potential within the gel domains decreases, whereas
it remains almost constant within the solution. The
electric potential for the times t = [0, 60, 120, 300,
6000] s is shown in Figure 10b. The obtained ion con-
centrations and the electric potential at steady state are
listed in Table 4.
The determined electric potential difference between
two neighboring domains again follows equation (14).
The electric potential at steady state is negative in the
domain of the anionic gel and positive in the domain of
the cationic gel. Since the concentration of fixed cations
is slightly higher than the concentration of fixed anions
Figure 10. Results of the numerical study on the anionic-cationic gel layer composite. (a) Concentration of fixed anions (solid line)
and cations (dashed line), (b) electric potential, (c) concentration of mobile anions and (d) concentration of mobile cations in the
hydrogel layer system composed of an anionic and a cationic gel at t = [0, 60, 120, 300, 6000] s, where the arrows indicate the
progress in time.
Table 3. Parameters and initial conditions for the simulation of the anionic-cationic gel layer composite.
S G1 I G2
Constants l (mm) 0.250 0.225 0.050 0.225
N (-) 200 250 150 250
cA2 (mol/m3) 0 0.0900 0.0450 0
cC+ (mol/m3) 0 0 0.0550 0.1100
D+/2(m2/s) 4.9 3 10210
er (-) 78
T (K) 300
Initial conditions c+ (mol/m3) 0.1000 0.1547 0.0951 0.0591
c2 (mol/m3) 0.1000 0.0647 0.1051 0.1691
C (mV) 0 211.2721 1.2919 13.5838
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within the interlayer, the electric potential yields a posi-
tive value within the interlayer domain. The time to
reach the equilibrium state is comparable with experi-
mental results (Achilleos et al., 2000, 2001; De et al.,
2002). In order to fabricate microfluidic devices or
hydrogel based sensors, it is advantageous to achieve a
faster response time. This may be realized, for example,
by a reduction of the sample size or by using a more
porous hydrogel. The osmotic pressure, which causes
the swelling or deswelling of the polymer network can
be calculated from the obtained ion distribution. The
osmotic pressure for both the anionic-anionic and
anionic-cationic gel layer composite will be discussed in
the following section.
Evaluation of the numerical results
Using the results of the numerical simulation, the
occurring osmotic pressure in the hydrogel layers can
be calculated. An osmotic pressure difference Dp
results from the concentration differences between the
different domains (Attaran et al., 2015; Wallmersperger
and Ballhause, 2008). It can be described by:
Dp=RT
XNf
a= 1
Dca  Dc
0
a
 	 

ð15Þ
where Dca= ca  c
ref
a
and Dc0
a
= ca0  c
ref
a0
. Here, cref
a
denotes a reference concentration of the ionic species a
at the current state, ca0 the concentration of the ionic
species a at initial state and c
ref
a0
a reference concentra-
tion of the ionic species a at initial state.
Outside the boundary regions, the ionic concentra-
tions at steady state are approximately constant within
each domain and for each ion species. As a result, the
occurring osmotic pressure also yields a constant value
there. For the calculation of the osmotic pressure, the
reference concentrations cref
a
are defined as the concen-
trations of the species a in the solution S, outside of the
boundary regions, c
ref
a0
are the respective initial concen-
trations in the solution. Using these values, the osmotic
pressure within the gel layers (outside of the boundary
regions) can be calculated. The obtained values for the
osmotic pressure at steady state are listed in Table 5.
For both anionic and cationic gels, a negative value for
the osmotic pressure difference is obtained.
An osmotic pressure difference causes a resulting
water flux from the region of low osmotic pressure
towards the region of high osmotic pressure (Cath et
al., 2006). In the considered hydrogel layer system a
negative osmotic pressure difference between gel and
solution will, due to a resulting water release, lead to a
deswelling of the hydrogel (Wallmersperger and
Ballhause, 2008; Zhao, 2014). It is assumed that the
deformation correlates linearly with the osmotic pres-
sure difference and that there is no slip between adja-
cent gel layers. For the one-dimensional case, this will
lead to a deformed state as depicted in Figure 11 (left).
The gel G1 in the anionic-anionic gel layer composite
will deswell more than the gel G2, as G1 contains more
anionic groups than G2 and thus the relative change of
the mobile ion concentration is larger. The opposite
will occur in the anionic-cationic gel layer composite,
as cC+ is larger in gel G2 than c
A2 in gel G1.
For the two-dimensional case, a bending of the layer
composite is expected. The free swelling of a hydrogel
is isotropic, this means that the strain in each direction
of the material is equal. Since the displacement of the
gels is constrained at the boundary to the adjacent gel
layer, a bending behavior will occur, see Figure 11
(right). As a result, the investigated anionic-anionic gel
layer composite will bend towards gel G1 whereas the
anionic-cationic gel layer composite will bend towards
the opposite direction.
Table 4. Steady state solution for the simulation of the anionic-cationic gel layer composite. The steady state is defined at
t = 6000 s.
S G1 I G2
Steady state c+ (mol/m3) 0.1500 0.2016 0.1451 0.1048
c2 (mol/m3) 0.1500 0.1116 0.1551 0.2148
C (mV) 0 27.6434 0.8615 9.2781
Table 5. Osmotic pressure at steady state within the anionic-anionic and anionic-cationic gel layer composite outside of the
boundary regions.
G1 I G2
Osmotic pressure difference Dp (Pa) Anionic-anionic 218.457 210.984 25.437
Anionic-cationic 215.364 22.793 222.024
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Conclusion and outlook
Hydrogel layer composites exhibit desirable properties
for novel applications such as microfluidic devices and
target-selective drug carriers. The effects occurring within
the layer systems are rather complex and their behavior
is challenging to model. Since only few research groups
numerically investigated these composites, a gap
remained to specifically describe the transient ion distri-
bution and the electric field within the gel layers systems.
The present article filled this gap by numerically investi-
gating the electro-chemical behavior of anionic-anionic
and anionic-cationic gel layer composites, as both combi-
nations are relevant for possible applications.
A multifield theory was adopted to model this beha-
vior. To solve the nonlinear field problem, the finite
element method was applied. Suitable boundary, tran-
sition and initial conditions to represent an external
chemical stimulus were given. The simulation results
for the transient ion distribution and the electric poten-
tial were presented and discussed. Based on the
obtained results the steady-state osmotic pressure was
obtained and the bending behavior predicted. The mag-
nitude of this bending is dependent on the concentra-
tion difference of fixed charged groups between the
layers.
The numerical solution of the system of partial dif-
ferential equations is in excellent agreement with the
analytical solution. Therefore, the applied method is
predestined for modeling hydrogel layer systems for
microfluidic devices and drug delivery systems.
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